Introduction
In recent decades, considerable effort has gone into the study of strong coupling of light and matter. [1] [2] [3] [4] Initially, strong 1900712 (2 of 8) www.advopticalmat.de oscillation at the Josephson plasma resonance (JPR) frequency. The JPR typically lies in the THz regime, and can be identified by a characteristic plasma edge in reflection measurements, corresponding (as shown next) to a zero in the dielectric response. [27] The JPR in LSCO has been studied extensively, and manipulation of the superconducting phase via optical excitation of the JPR has been accomplished by microwave cavity cooling, [28] optical pumping, [29] and high field THz excitation. [30] However, dressing of the JPR with microstructures has remained elusive. [31] Epitaxial thin films of LSCO which would be suitable for the deposition of metamaterials have an exposed ab-plane, precluding the possibility of coupling incident light to the c-axis JPR. [32] Fortunately, large single crystals of LSCO can be grown and cut to expose a large c-axis surface. However, direct fabrication of metasurfaces on such precious samples using photolithography would make it challenging to perform systematic studies of light-matter coupling.
We present evidence of strong coupling between the c-axis JPR of LSCO and the inductive-capacitive (LC) resonance of a SRR metasurface through observation of an avoided resonance crossing. At 15% Sr doping, and well below T c = 32 K (10 K) the JPR resonance frequency is ω JPR = 1.53 THz. In order to parametrically sweep the LC resonance frequency across the JPR, we fabricated a series of flexible and interchangeable metasurface tapes (MSTs) (see the Experimental Section). The MSTs were adhered to a LSCO single crystal with the c-axis in plane (Figure 1) . We fabricated three MSTs: One with a resonant frequency greater than ω JPR , one near ω JPR , and one below ω JPR . We performed Fourier transform infrared (FTIR) spectroscopy measurements in reflection on the resulting HSMMs and validated the results with numerical simulations, indicating a normalized Rabi frequency of Ω R = 0.29. Furthermore, as described next, we used these simulations to extend these results for arbitrary metamaterial resonance frequency to unambiguously delineate the avoided resonance crossing, explore the near-field behavior of the HSMMs, and investigate routes toward excitation of hyperbolic waveguide modes in LSCO.
Results
The metamaterial tapes consist of a flexible polyimide tape patterned with 200 nm thick Au SRRs, where the linewidth, periodicity, gap size, and edge length of the SRR are scaled uniformly to achieve the three desired frequencies. The fabrication begins with polyimide spin-coated (thickness of 8 µm) onto a silicon wafer coated with a sputtered silicon nitride film to facilitate the removal of the polyimide from the substrate. [33] Subsequently, the periodic array of SRRs consisting of 200 nm thick gold is patterned using direct laser writing followed by gold deposition and lift-off process. The nominal dimensions of the three metamaterial tapes are shown in Table 1 . The MM tapes can be peeled off of the substrate (Figure 1a ), and pressed onto the LSCO such that the capacitive gap is parallel to the caxis. Figure 1c shows a schematic of the HSMM. In this geometry, the polyimide serves as a dielectric spacer layer between the SRR and LSCO, preventing the LSCO from shorting the plasmonic resonance of the SRR. The LSCO single crystal was grown by the travelling-solvent floating-zone method. [34] The large single crystal is oriented by LAUE diffraction and with the a-c plane as the surface. We perform reflection spectroscopy measurements of the LSCO and HSMM samples with the polarization parallel to the c-axis using a Bruker FTIR IFS-66 spectrometer.
The LSCO JPR response was first characterized in the absence of the MSTs. At T = 10 K (well below T c = 32 K), the characteristic reflectivity feature associated with the JPR occurs at ω JPR = 1. 
where ε ∞ = 27 corresponds to the c-axis high-frequency dielectric constant, ω s = 8 THz is the plasma frequency of the superconducting carriers, ω n = 21.3 THz, and γ st = 150 THz are, respectively, the plasma frequency and the scattering rate of normal state carriers. The numerical values are suitable at T = 10 K. [24] Thus, the expression includes a term for the lossless tunneling supercurrent and normal carriers with scattering. Furthermore, it is well known that in near optimally doped cuprates, spatial inhomogeneities result in a distribution of JPR frequencies. This in turn results in a broadened loss function and associated JPR plasma edge. We broaden the JPR with a Gaussian distribution with a width of 0.5 THz in order to more closely model the experimentally observed response. [35] The solid black line in Figure 2a shows the fit to the reflectivity computed from this model. Some discrepancies between the model and the measurements persist due to simplifications made in this model and imperfect referencing. Subsequently, the MSTs were adhered to the LSCO crystal and room-temperature FTIR measurements were performed to identify the resonant frequencies of the MM tapes in the absence of the JPR (Figure 2b-d) . The LC resonance is the lowest frequency resonance of the metamaterial, corresponding to the reflection maxima which occur at ω MM1 = 3 THz, ω MM2 = 1.9 THz, and ω MM3 = 1.2 THz for MST 1, 2, and 3, respectively. Likewise, this is the frequency for which the enhancement of the incident EM fields in the capacitive gap of the SRR will be largest. We model these results using the commercial finite difference time domain (FDTD) solver CST [36] and find good agreement (solid lines). In these simulations, gold is modeled as a lossy metal with conductivity σ = 4.56 × 10 7 S m −1 , polyimide as a lossy dielectric with permittivity ε PI = 3.5 + i0.01, and the LSCO above T c is modeled as an isotropic dielectric with permittivity of ε ∞ = 27. Overall, the agreement between experiment and simulation is reasonable and demonstrates that, above T c , the electromagnetic response is what is expected for SRRs placed on top of a nominally dielectric substrate (i.e., the c-axis is effectively dielectric and dominates the overall electromagnetic response, while the ab-plane conductivity has little effect).
The reflectivity of each of the HSMMs was measured at 10 K (<T c ) as shown in . HSMM 1 (red circles) has two significant spectroscopic features: The peak in reflectivity at ω MM1 ≈ 3 THz is virtually identical to the one that appears in spectra above T C (Figure 2b ). Likewise, the Drude-like reflectivity edge at ω sJPR differs only marginally from the bare LSCO (Figure 2a ). In Figure 3b , the results for HSMM 2 (blue circles) are shown. There is a reflection maxima characteristic of a MM resonance at ≈1.9 THz (similar to the room temperature case in Figure 2c ) and, additionally, a plasma-like edge at ≈1.3 THz which is clearly redshifted relative to ω sJPR = 1.44 THz. For HSMM 3 (green circles, Figure 3c ), JPR plasma edge is again similar to bare LSCO, but there is a pronounced and narrow reflection minimum at ≈1 THz. Interpreting these features and identifying spectroscopic evidence of strong coupling is nontrivial and will be clarified in the following sections.
We compare these results to full wave FDTD simulations (solid lines). In these simulations, the gold and polyimide are modeled as in the previous section, whereas the LSCO at 10 K is modeled as an anisotropic superconductor. This c-axis response is as described before (Equation (1)) while the ab-plane permittivity used in the simulation is determined from experimental measurements. [37] For the c-axis complex permittivity, we use the parameters determined from the fit to Figure 2a with Equation (1) including the Gaussian broadening previously mentioned. We find fair agreement between the experimental reflectivity and simulations with much of the discrepancy likely due to the disagreement between the modeled and measured 
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We performed additional simulations as shown in Figure 4 to retrieve reflectivity spectra for MSTs of arbitrary resonant frequency to gain additional insight into the experimental results. Here, ω MM denotes the frequency of the MST resonance on LSCO above T c where ε ∞ = 27. The diagonal dashed white line tracks ω MM = ω. The horizontal lines at ω MM1 (red), ω MM2 (blue), and ω MM3 (green) correspond to the three resonance frequencies for which experimental measurements were performed (i.e., Figure 3a -c). The vertical dotted line denotes ω sJPR = 1.44 THz. At frequencies above the JPR, the c-axis of the LSCO is insulating, and the metamaterial LC resonance manifests as a broad reflection maximum, as is typical for a MM on a dielectric substrate. But as ω MM approaches at ω sJPR , this reflection feature is suppressed. For ω < ω sJPR , a narrow absorption band emerges, indicative of the LC resonance of a metamaterial in the presence of a conducting ground plane. Below the JPR, the c-axis LSCO surface is highly conductive exhibiting near unity reflection. As a result, this narrow absorption band can be intuitively understood using the same formalism as for metamaterial perfect absorbers. [38] This reflection minima emerges from the plasma edge at ω sJPR = 1.44 THz, and diverges from it, eventually asymptotically approaching ω MM at low frequencies.
For lower values of ω MM , additional resonant absorption modes emerge below ω sJPR first at ω = 1.3 THz and ω MM = 0.9 THz and again at ω = 1.3 THz and ω MM = 0.5 THz. These are associated with the higher order dipole and quadrupole modes of the MM, respectively. Clearly, a rich electromagnetic response is observed upon sweeping ω MM from 0.5 to 3.0 THz.
Discussion
Additional insight can be obtained by considering a simplistic, yet analytical, effective medium dielectric response for the HSMM. The optical response of the HSMM is assumed to be the sum of two oscillators: a Drude response representing the Josephson plasmon and a Lorentzian oscillator corresponding to the MST. The total effective permittivity parallel to the c-axis can be expressed as 
where ε eff = ε ∞ + ε PI = 30.5 is the effective permittivity at high frequency. The second term is the Drude response of the Josephson plasmon, with ω s = 8 THz and γ a = 0.28 THz. In lieu of an additional Drude term for normal carriers (as in Equation (1)), the contribution of the normal carriers in the LSCO at low frequencies is adequately captured by adding an effective damping term to the Josephson plasmon. While the Josephson plasmon is still nominally lossless, this damping term broadens the plasma edge as when the normal carrier term is present. The third term is a Lorentzian to model the metamaterial, where ω MM is the MM LC resonance frequency and the damping is given by γ b = 0.8 THz. F(ω MM ) acts as a fitting parameter but generally represents the MM oscillator strength which is related to the geometry and the filling fraction of resonators. [10, 39] This simplified model is adequate for the present purposes to gain some insight into the effective response of the HSMMs as a function of tuning the resonance frequency of the Lorentzian term. The Lorentzian MM response has a pole at ω = ω MM , corresponding to a transverse mode associated with the resonance of the metamaterial. The JPR response (i.e., the first two terms of Equation (2)) has no finite frequency transverse modes, but exhibits a longitudinal mode when the sum of the terms equals zero, which occurs at the screened JPR ω sJPR = 1.44 THz. Coupling between the JPR and the MST response leads to 
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The two polariton solutions ω − and ω + are shown as curved black lines in Figure 4 . We use F as a parameter to fit the lower polariton ω − . For large values of ω MM , the lower polariton follows the longitudinal mode of the LSCO at ω sJPR . But as ω MM decreases and approaches ω MM = ω sJPR , the polariton undergoes an avoided crossing, before asymptotically approaching the MM transverse mode along ω = ω MM . While the lower polariton solution closely tracks the reflection minima, the reflectivity features associated with upper polariton show little correspondence to ω + . This asymmetry and suppression of coupled polaritons is not unusual in coupled systems where radiative losses depend strongly on frequency. [42] Both F and γ b strongly depend on both ω and ω MM resulting in considerable discrepancies between the simulations and our model. In particular, above ω sJPR (where the c-axis of the LSCO acts as a dielectric), the resonance has a low quality factor as is typical for SRRs above a dielectric material, resulting in deviations between the simulations and the simple predictions of Equation (3). Conversely, below ω sJPR , the c-axis is metallic and the quality factor of the resonance is significantly higher (as is typical for SRRs above a metallic surface, i.e., metamaterial perfect absorbers) and thus the polariton is clear.
By evaluating the polariton frequencies at ω MM = ω sJPR , we can also estimate the strength of the normalized coupling constant as 
This splitting and coupling can be viewed classically as a simple consequence of the linear absorption and dispersion of the effective dielectric function, or as a manifestation of vacuum Rabi splitting. [43] [44] [45] Making a clear-cut distinction between weak and strong coupling in this scenario is difficult, particularly due to the frequency-dependent damping of the MM. Nevertheless, a normalized coupling constant of Ω R = 0.29 falls within the strong coupling regime as defined by Novotny [46] even for conservative choices of oscillator parameters.
This simple effective medium analysis is a broad approximation, but nonetheless provides some insight into the nature of the avoided crossing and the role various parameters play in determining the coupling. The terms under the square root (Equation (3)) determine the magnitude of the splitting between the coupled modes, and thus the coupling strength. In particular, the oscillator strength of the MM tape, F, is dependent on the design parameters of the MM and can, therefore, be optimized to achieve stronger coupling. We note that this effective medium model is intended to provide a simple and intuitive analytical approach to understanding the response observed in experiment and in the full wave electromagnetic simulations. This approach does not, however, account for higher frequency modes of the SRRs, which are apparent at small values of ω MM . Nor does it capture the strong asymmetry of the polaritons mentioned previously. However, it is intriguing that for the experimental data for HSMM 3, there is a pronounced peak at 1.9 THz (Figure 3c ). This peak does not appear in the full wave simulations (Figure 4a ), but does agree with the black dashed line corresponding to the upper polariton. Nonetheless, further experimental work will be required to more fully elucidate the full details of the coupling. Indeed, a more complete analytical analysis should be possible, but is beyond the scope of the present work. [47, 48] To gain further insight into JPR/SRR coupling, it is useful to examine the near field. We performed FDTD simulations to probe the fields in the SRR gaps as a function of metamaterial tape frequency ω MM . We present the result in Figure 4b . Because this field enhancement is at a maximum when the SRR is resonantly excited, it can serve as a useful proxy to identify the coupled polaritons of the HSMM. Whereas in the reflection spectra, polariton modes may appear either as reflection maxima or minima, the local field enhancement magnitude is a positive quantity associated with absorption. This approach unambiguously shows a broad peak which begins at high frequencies and approaches ω sJPR as ω MM is decreased. But at the crossing the peak is strongly suppressed. Meanwhile, below the JPR, field enhancement peak emerges close to ω sJPR but avoids the crossing point before asymptotically approaching ω MM at low frequencies. With this approach, an asymmetric avoided crossing is obvious and validates our previous interpretation of the evolution of the HSMM reflection spectra.
We can further support this interpretation by examining the surface currents and electric field distributions elsewhere in the HSMM at specific frequencies (Figure 5) . In Figure 5a , we examine the field enhancement spectrum for each of the HSMMs for which experiments were performed (see horizontal lines in Figure 4b ). The peaks in the local field enhancement occur at nearly the same frequencies where features in the far-field spectroscopy appear. For each of the HSMMs, open (closed) circles in Figure 5a indicate frequencies at which minima (maxima) in the experimental reflectivity spectra occur that, as previously discussed, are tied to the lower (upper) polaritons. The close correspondence between the field enhancement maxima and the spectral features observed experimentally lends additional evidence to our interpretations of the experimental spectra. Figure 5b ,c shows the electric field distributions in the LSCO and the surface currents on the SRRs for HSMM 2, where the MM resonance is tuned close to the JPR and, as described before, Ω R = 0.29. Figure 5b shows the fields and currents for HSMM 2 sampled at the lower polariton frequency (1.3 THz), corresponding to the open blue circle in Figure 5a . The current (black arrows) circulates around the SRR, characteristic of the LC resonance. At this frequency (1.3 THz < ω sJPR ), the c-axis is metallic while the ab-plane is superconducting meaning that only evanescent waves are supported. The electric field parallel to the c-axis (color) decreases exponentially into the LSCO, and is confined to the first few micrometers of the crystal.
(6 of 8)
www.advopticalmat.de Figure 5c shows the fields and currents for HSMM 2 sampled at the upper polariton frequency (1.9 THz), corresponding to the closed blue circle in Figure 5a . Though well separated from the lower polariton, the currents on the SRR are circulating as before. This indicates that though this frequency corresponds to an entirely different spectroscopic feature, the LC nature of the SRR resonance is nevertheless retained. However, inside the LSCO at this frequency (1.9 THz), the electrodynamics are entirely different. Namely, a propagating mode is observed with pronounced subwavelength structure, persisting over a considerable propagation distance. Two planar nodes in the electric field appear parallel to the ab-plane. Though this behavior is only incidentally connected to the coupling, these noteworthy electrodynamics warrant further investigation.
Above ω sJPR the c-axis permittivity is positive, while the ab-plane permittivity remains large and negative (i.e., superconducting). Thus, above the JPR resonance, LSCO constitutes a hyperbolic medium for which ε ab ε c < 0. In a hyperbolic medium, EM waves from finite sources (i.e., a dipole) propagate in an unusual fashion which depends on both the relative signs of the permittivity on the axis of anisotropy (the c-axis in this case) and other axes, as well as the polarization of the source relative to the axis of anisotropy. [49, 50] These are known as hyperbolic waveguide modes (HWM). When the axis of anisotropy has positive permittivity and a dipole is oriented parallel to it, the hyperbolic media support radiating waves similar to that of a point dipole in an ordinary dielectric, but with conical regions above and below the dipole in which fields are entirely excluded. Relative to the axis of anisotropy, the angle of this excluded region is given by tan 2 θ < −ε ab /ε c . In the case of LSCO at 10 K and at 1.9 THz, θ ≅ π/2, so fields propagate almost exclusively along the ab-plane with minimal angular dispersion.
Returning to the metasurface, we consider a cross section parallel to the c-axis and through the capacitive gap of the SRR. The segment spanning the capacitive gap of the SRR constitutes an extended dipole oriented parallel to the axis of anisotropy (c-axis). Similarly, the segments between the edge of the SRR and the unit cell boundary (i.e., between SRRs in adjacent unit cells) act as a similar dipole, but with a phase shift of π.
In Figure 5c , we can understand the checkerboard pattern of fields which propagate into the LSCO as being a highly directional projection of the fields produced on the plane of the SRRs. After dispersing slightly in the polyimide, the field distribution which reaches the LSCO surface is "locked-in," and propagates a significant distance parallel to the ab-plane, while retaining its subwavelength structure. It should be noted that this phenomenon does not appear in a metasurface over an ordinary dielectric substrate nor in an isotropic medium with a Drude-like response. We note that though the fields in the vicinity of the SRR have fine structure as previously described, the wave decays to a uniform plane wave over a very short propagation distance, in contrast to what is shown in Figure 5c . These interesting near-field phenomena could inform methods whereby HWMs are launched from a metasurface excited by a far-field pulse. Such modes propagate over a distance exceeding 100 µm, so conceivably they could be measured on the opposite side of a thin crystal. It should also be noted that rich dispersive properties emerge in the case of arrays of dipoles in the vicinity of a hyperbolic media, but this is beyond the scope of the current work. [51] 
Conclusions
Our initial measurements on HSMMs demonstrate the viability of achieving strong light-matter coupling between the Josephson plasmon in LSCO with interchangeable MSTs. We have demonstrated spectroscopic evidence of strong coupling with a normalized coupling of Ω R = 0.29 and performed simulations both to extend the spectroscopic results as well as examine the near-field electromagnetic field distributions and interactions between the LSCO and MSTs. Additionally, in the near-field simulations, we have observed evidence of hyperbolic waveguide modes emerging in the LSCO.
In general, this work demonstrates the utility of using removable MSTs for achieving interactions between the MMs and solid state systems. This may prove particularly useful in situations where the availability, surface quality, or sensitivity of a crystal makes direct deposition of MMs onto its surface (i.e., through lithography) untenable. Our results offer guidance for the design of future iterations of HSMMs that aim to achieve higher coupling constants through tailoring of the spatial and temporal characteristics of the hybrid mode, that is, through thinner dielectric membranes or higher Q metasurfaces. It will also be important to perform more thorough experimental characterization of the HSMM electrodynamic response to more fully understand the nature of the coupling beyond the simulations and simplistic analytical model presented here.
Finally, due to the intrinsic nonlinearities associated with Josephson plasma oscillations, we can apply this approach in conjunction with high field THz excitation in order to explore the complex nonlinear interactions in HSMMs that are likely to emerge. [29, 52] Likewise, this could provide an exciting avenue for the direct experimental observation of hyperbolic waveguide modes using near-field techniques, for instance, with THz near-field microscopy. [31, 53] 
